Purpose: Imaging phantoms are widely used for testing and optimization of imaging devices without the need to expose humans to irradiation. However, commercially available phantoms are commonly manufactured in simple, generic forms and sizes and therefore do not resemble the clinical situation for many patients. Methods: Using 3D printing techniques, we created a life-size phantom based on a clinical CT scan of the thorax from a patient with lung cancer. It was assembled from bony structures printed in gypsum, lung structures consisting of airways, blood vessels >1 mm, and outer lung surface, three lung tumors printed in nylon, and soft tissues represented by silicone (poured into a 3D-printed mold). Results: Kilovoltage x-ray and CT images of the phantom closely resemble those of the real patient in terms of size, shapes, and structures. Surface comparison using 3D models obtained from the phantom and the 3D models used for printing showed mean differences <1 mm for all structures. Tensile tests of the materials used for the phantom show that the phantom is able to endure radiation doses over 24,000 Gy. Conclusions: It is feasible to create an anthropomorphic thorax phantom using 3D printing and molding techniques. The phantom closely resembles a real patient in terms of spatial accuracy and is currently being used to evaluate x-ray-based imaging quality and positional verification techniques for radiotherapy.
INTRODUCTION
Phantoms are widely used to provide a ground truth for testing and quality assurance of medical imaging devices. 1, 2 However, although commercial phantoms often consist of materials with realistic tissue (radio)densities, they commonly have simple, generic forms and sizes that do not closely resemble real patients, making it difficult to extrapolate the performance of an imaging system in phantoms to humans. Affordable 3D printing is increasingly available and offers new opportunities to tailor phantoms for specific clinical and research purposes, including radiotherapy. [3] [4] [5] [6] [7] [8] One important application in radiotherapy is to verify the position of the tumor and normal tissues during treatment delivery.
Irradiation is increasingly performed using rotational delivery techniques, facilitating the continuous acquisition of kilovoltage (kV) projection images from different angles using the gantry-mounted kV source and imager. 9, 10 These verification images can automatically be matched with the reference images to determine whether the patient or target has moved out of position. However, limited target visibility on these kV projection images (e.g., small tumors in the lungs), due to low contrast differences with surrounding structures or overlapping structures, may make tumor position verification challenging. [11] [12] [13] To design robust imaging solutions for different clinical scenarios, a patient-like phantom that mimics the real size, anatomy, and tissue density (e.g., blood vessels in lungs and the presence of a lung tumor at different locations) would, therefore, be desired. 3D printing may make this possible, allowing for better optimization of image acquisition parameters and validation of the matching software.
The 3D printing of lung and thorax phantoms has been described before.
2,14-17 Jung et al. created lung subvolumes with a cylindrical shape to fit into a commercial phantom. 2 They used polylactic acid (PLA, density 1.25 g/cm³) to print lung tissue and the volume that is presumably air inside the lung was filled with 0.3 mm strips as a supporting structure. However, vertebral structures and ribs were not included. Kairn et al. printed a lung phantom using acrylonitrile butadiene styrene (ABS, density 1.05 g/cm³) in a mesh pattern, with air filling the gaps between solid strands of ABS, to produce a lower density.
14 Lung vessels and airways were not included nor did the phantom contain vertebrae and ribs. Mayer et al. used a material jetting additive manufacturing machine to manufacture a thorax phantom with Tango Plus (83 HU) for soft tissue and Vero White (136 HU) for bone. 15 As their purpose was to obtain a thorax phantom with a mobile tumor, they did not print lung tissue, blood vessels, or airways within the lungs. Instead, sawdust was used as lung substitute. Pallotta et al. created a breathing phantom consisting of a body printed using ABS, simplified internal organ shapes (ABS 100% infill density, 100 HU), and ribs that have been carved and filled with a mixture of calcium sulfate dehydrate (590 HU). 16 Two blocks made of cork foils were used to simulate the lungs (À710 HU) and a moldable bolus was used to simulate lung tumors (60 HU). Larsson et al. developed a lung phantom of a preterm infant using white nylon. 17 The phantom consisted of skin and subcutaneous fat, lung, and heart, which were all printed hollow to allow them to be filled with a liquid phantom, and bone.
The purpose of this study was to create a thorax phantom with multiple tissue types/densities that closely resembles a real patient in terms of spatial accuracy for x-ray imaging purposes using 3D printing techniques. We investigated the similarity between CT scans and kV projection images of the phantom and patient, the geometric accuracy of the 3D printing, and the effects of radiation on the tensile strength of the materials used for the phantom, which needs to be able to endure high cumulative doses of radiation for radiotherapyrelated applications.
MATERIALS AND METHODS

2.A. Imaging data for manufacturing of the 3D model
A computed tomography (CT) scan (Discovery CT590 RT, GE Healthcare, Chicago, IL, USA) of a female was selected to create the 3D model for printing. A female thorax was selected as breast tissue results in an increased patient diameter, which may result in poorer image quality due to decreased transmission of x rays. Further selection criteria were the presence of a tumor in the lung, good quality of the lungs, and a CT scan without artifacts. All clinical images in this manuscript were acquired as a part of the routine treatment of the patient and retrospectively used for this study. To minimize motion artifacts due to breathing motion, a single breathing phase of a 4DCT scan (50% phase) was chosen for the phantom. The CT scan was acquired at 120 kVp and had 2.5 mm slice thickness and a resolution of 0.93 9 0.93 mm. There was a lung tumor in the inferior half of the left lung, the left-right body diameter was~34.5 cm measured through the center of the tumor, and the lung tissue was well visualized.
2.B. Manufacturing of the 3D model and 3D printing
Printing of the 3D model was performed by a commercial printing company. Manufacturing of the model and assembly of the different components was performed by the medical engineers of the 3D Innovation Lab of the VU University Medical Center (acknowledgments). The anonymized CT scan was imported into Materialise Mimics (18.0.0.524, Materialise, Leuven, Belgium) to segment the CT scan into regions of interest in order to create 3D models of specific tissue types. The bony structures, airways, blood vessels and outer lung surface, the tumor, and all soft tissues outside the lungs were segmented using user-defined Hounsfield unit (HU) thresholds. 18 These HU thresholds were determined by distinguishing the HU values of different tissue types using HU line profiles and by refining the thresholds such that as many of the desired voxels as possible were included while minimizing the number of undesired voxels. These segmentations were triangulated, saved as stereolithography (STL) files, and imported into Materialise 3-matic (10.0.0.212, Materialise, Leuven, Belgium) for digital modeling/phantom design. Digital modeling consisted of removing all unconnected structures (manual operation) and blood vessels <1 mm diameter (since structures <1 mm tend to break during the cleaning procedure required after printing), and wrapping (automatic operation) of the outer lung surface and soft tissue to make sure all small gaps were closed. Cylindrical extensions of 1 mm thickness were manually created between the end of the blood vessels and the outer lung surface for stability and rigidity. In addition, the tumor was copied once to the superior and once to the middle part of the right lung, resulting in a total of three tumors located in three different planes. The ribs that were not connected to the sternum were extended toward the sternum and to ensure solidity during the printing process, the thin parts of the ribs were thickened using Geomagic Freeform (2015, 3D Systems, Rock Hill, SC, USA). A mold based on the body contour was created by expanding the soft tissue model by 5 mm and subtracting the original model from the expanded model. To allow for easy removal from the silicone after casting, this resulting shell was separated into four parts and structures with screw holes were added to all parts using Catia (V5-6R2015, 3DS Dassault Syst emes, V elizy-Villacoublay, France) to connect the parts during casting. As the 3D model consisted of multiple components, i.e., the ribs, scapulae, lung structures, and mold based on the body contour, the phantom had to be assembled after 3D printing. To make sure that no undercuts occurred between the different components and that all parts would fit well together during the assembly phase, all components were digitally modeled in the 3-matic software. Furthermore, to preserve the virtually planned anatomical orientation of each part during assembly, two cylindrical inserts (guides) were added to each individual component during the design phase. For each insert, a corresponding circular cutout was cut into a commercially available 8-mm thick PMMA (Perspex â ) plate, which was used as a build plate and was modeled as well, using a laser cutter.
Three different materials were used to manufacture the phantom. Gypsum (ZCorp â zp151 high-performance powder, q = 1.57 g/cm³) was used to mimic the bony structures and was printed using an inkjet printer (layer thickness = 0.1 mm, 600 9 540 dpi, Zcorp 650 â , 3D Systems, Rock Hill, SC, USA). An inkjet printer uses binder jetting to build a 3D object in a bed of powder, which is a suitable and affordable technology to print calcium-like constructs with gypsum. Gypsum was chosen because its density falls within the range of human bone. 19 To save material and thus cost, the periphery of the structures are completely filled while inner structures are only partially filled (infill parameters were fixed in the commercial 3D printer that was used). As it happens, this is an ideal method to mimic bony structures. 19 Nylon (PA2200 (Polyamide 12), q of laser sintered part = 0.93 g/cm³, bulk q = 0.45 g/cm³) was used for the airways, lung blood vessels, outer lung surface, and tumors and was printed using Selective Laser Sintering (SLS) (distance between laser lines = 0.25 mm, one laser line = 0.4 mm, layer thickness 0.1 mm, EOS GmbH, Krailling, Germany). These structures were printed with a wall thickness of 1 mm. SLS uses a high-power laser to sinter powdered material to build an object in 3D, with demands for the powder in terms of particle shape, size, uniformity, and weight. 20, 21 To date, common SLS materials include metals and nylon. Nylon was chosen because it is one of the few printable materials that allow a high detail resolution and strength, with a density that is still comparable to biological materials. 22 Silicone (Dragon Skin â 30, Smooth-On, Macungie, PA, USA, q = 1.08 g/cm³) was used for the soft tissue (mediastinum, muscles, fat, skin) and was cast into the mold of the body contour that was 3D printed using SLS. Dragon Skin is a silicone-based polymer that has been used in phantoms before. 23, 24 This material was chosen because its density is close to water. Furthermore, Dragon Skin is easily molded due to its high elasticity, which allowed clean removal of the phantom from the 3D-printed mold. Other advantages of Dragon Skin are its stability at room temperature, long shelf-life, and fast curing time (<16 h). All 3D-printed components were manually assembled and glued to the PMMA build plate using a hot melt adhesive after which the silicone was cast into the mold of the body contour. The casting was done in multiple phases to make sure air bubbles could escape. After the silicone was set, the build plate and mold of the body contour were removed and the remaining cylindrical inserts were sawn off.
2.C. Assessment of tissue-equivalence, spatial accuracy, and radiation resistance
After printing and assembling, a CT scan and planar kV projection images were acquired of the phantom to compare the phantom with the patient. The CT scan was acquired at 120 kVp with 0.625 mm slice thickness and a resolution of 0.82 9 0.82 mm. kV projection images were acquired at 100 kV, 45 mA, and 32 ms using a gantry-mounted kV source and imager (TrueBeam, Varian Medical Systems, Palo Alto, CA, USA).
To assess the phantom-human similarity, the CT images of the phantom were imported into Materialise Mimics. The bony structures, lung structures, tumors, and soft tissue were segmented using the HU thresholds given in Table I . By comparing mean HUs (calculated using all voxels included in the segmented tissue type) for the patient and phantom structures, the extent to which the printing materials were tissue equivalent in terms of radiodensity could be assessed.
To determine differences between the phantom and patient in the MV range, we compared the dose-volume histograms of structures delineated on the patient CT and copied to the phantom CT for a stereotactic spine (dose prescription 3 9 10 Gy, 10 MV flattening filter-free beams, 2 arcs/fraction, 1,691 and 1,854 monitor units per arc) and stereotactic lung plan (dose prescription 5 9 11 Gy, 10 MV flattening filter-free beams, 2 arcs/fraction, 1,602 and 1,488 monitor units per arc). Plans were made using RapidArc in Eclipse External Beam Planning (Varian Medical Systems) and dose calculations used the Acuros External Beam algorithm (v. 11.0.31).
To determine the spatial accuracy of the printed/cast soft tissue, bony structures, lung structures, and one of the tumors, a surface comparison was performed using the STL models obtained from the phantom by segmenting the The patient CT scan contained larger voxel sizes compared to the phantom CT scan. Therefore, segmentation inaccuracies due to the partial volume effect (multiple tissue types present in one voxel) may be larger for the patient CT images. User-defined HU thresholds used for segmentation; the volume and mean HU of the tissues are dependent on these selected thresholds.
c Two tumors with comparable densities were printed in the right lung.
Medical Physics, 45 (1), January 2018 structures and the corresponding STL models used for printing. The STL models obtained from the phantom and the corresponding STL models used for printing were aligned using a "Local Best-Fit" function in GOM Inspect metrology software (2016, Rev.95488, Braunschweig, Germany). Subsequently, the distances between each mesh point belonging to the STL model obtained from the phantom and its closest point on the STL model used for printing were calculated using the "Surface Comparison on Actual" function with a maximum search range of 5 mm. All distances were visualized using color maps. In a final step, the mean distance and standard deviation were calculated using the "I-Inspect, Mean Distance" function in GOM Inspect.
Tensile tests were performed to determine the effects of radiation on the materials used for the phantom, as a change in the mechanical behavior of a material implies a change in material properties and can thus indicate deterioration of the material. Tensile bars (width 5 mm, thickness 2 mm, NEN-EN-ISO 527-2 type 1BA) printed of gypsum (zp151) and nylon (PA2200) were irradiated up to 0 Gy (reference (nonirradiated) bars, 3 bars in total), 6,000 Gy (3 bars), and 24,000 Gy (4 bars) using a Cobalt-60 source (Nordion, Ottawa, ON, Canada). Assuming a total treatment dose of 55 Gy, this would correspond to >100 and >400 full treatments, respectively. The tensile tests were performed according to the NEN-EN-ISO 527-2 norm using a servohydraulic testing system (Instron 8872, Instron Corporation, Norwood, MA, USA). As 3D-printed materials may not be a continuum, due to the printing process/presence of air, the maximum load (N) and spring constant (Hooke's law: spring constant = force exerted on the tensile bar divided by the elongation of the tensile bar) are reported. The spring constant (N/mm) of the test specimen was calculated (Excel, Microsoft, Redmond, WA, USA) by plotting the elongation of the tensile bar against the force exerted on the tensile bar and calculating the slope of a linear regression line through a linear part of this curve. To facilitate comparison with other materials publications, if the assumption is made that the material is a continuum, the tensile strength (maximum load/ cross-sectional area [=10 mm²]) and elastic modulus ([force/ cross-sectional area (=10 mm²)]/[elongation/original length (=10 mm)]) can be calculated. In this case, due to the dimensions of the sample, the elastic modulus (N/mm² or MPa) has the same numerical value as the spring constant. Due to the high flexibility of silicone, it was not possible to perform accurate tensile tests due to the size of our servohydraulic testing system. Figure 1 shows an overview of the 3D printing processes used to manufacture the phantom, including pictures of the individual phantom structures. The anthropomorphic thorax phantom is 18 cm long, 39 cm wide and contains soft tissues, lung structures consisting of airways, blood vessels, and outer lung surface, bony structures, and three tumors. As only airways and blood vessels above a 1 mm threshold were printed inside the lung, fine lung structures, for example, alveoli, were replaced by the air. The material and printing cost of this phantom was~US$3,500. Figure 2 shows an example of a kV projection image and a transverse slice of a CT scan of the patient and phantom, illustrating their visual similarity in terms of size, shapes, and structures. Figure 3 shows an example kV projection image and slices of a CT scan of the tumors in the right lung. Table I summarizes the volumes and radiodensity of the different tissues and materials.
RESULTS
The materials used to mimic soft tissue (i.e., silicone) and bone (i.e., gypsum) had on average higher HU values compared to the human equivalent, contributing to differences in image quality between phantom and patient (Fig. 2) , whereas the material used to mimic airways, blood vessels, and the outer lung surface (i.e., nylon) had lower HU values. The 3D printing of gypsum resulted in a higher density in the periphery and a lower density within the structures (Fig. 2) . One of the lung tumors has a lower density compared to the other two (Table I) , which mimics variation in tumor density in/between patients. As the tumor in the left lung was connected to blood vessels, there were some holes in the tumor. Because of this, only the perimeter of the tumor was printed (1 mm thickness). However, as the major part of the tumor was closed, the nylon powder that was used for printing was enclosed by the tumor perimeter and could therefore not be removed during the cleaning procedure after printing. As a result, the left tumor remained filled with loose, nonprinted nylon powder, resulting in a lower density (~0.45 g/cm³). On the other hand, the tumors in the left lung were copied, and before they could be copied the holes in the tumor needed to be closed. Consequently, the SLS printer filled the entire tumor with laser lines during printing, which resulted in a higher density (~0.93 g/cm³) compared to the tumor in the left lung. For the kV images, the positioning and breathing phase of the patient differ from the positioning and breathing phase that were used for manufacturing of the phantom, which contributes to differences in these images. In the patient images, more detail is visible in the lungs and behind the heart structure compared to the images of the phantom (as structures <1 mm were not printed). R = right, L = left.
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The volume of silicone in the phantom was higher than the volume of soft tissue in the patient, which is due to an unintentional offset in the mold that was used to cast the soft tissue, resulting in a few millimeter larger body contour. The volume of gypsum in the phantom was slightly higher than the volume of bone in the patient because some of the ribs had to be extended toward the sternum and thickened to ensure a stable structure. In addition, as the 3D model of the lung structures had to be simplified before printing, the volume of the patient's lung structures was larger than the volume of the printed nylon in the phantom. Figure 4 shows the dose-volume histograms for the stereotactic spine and stereotactic lung plan. Although the curves for many of the structures look very similar, for both plans, the dose in the target volume of the phantom is lower compared to the patient. For the spine plan, this is probably due to the higher density and larger volume of soft tissue of the phantom. After normalizing this plan, the curves of the planning target volume and the organs at risk for the phantom and patient are very similar. For the lung plan, these differences are larger, which is due to the lower density of the tumor and lung tissue (nylon + air) in the phantom, causing a larger electron disequilibrium.
To determine the spatial accuracy of the printed/cast soft tissue, bony structures, lung structures, and one of the tumors, a surface comparison was performed using 3D models obtained from the phantom and the 3D models used for printing (Fig. 5) . Mean AE SD differences between each mesh point belonging to the STL model obtained from the phantom and its closest point on the STL model used for printing were found to be À0.75 AE 0.86 mm for the soft tissue, 0.12 AE 1.16 mm for the right scapula, 0.27 AE 0.56 mm for the left scapula, and 0.05 AE 1.16 mm for the ribcage, 0.08 AE 0.73 mm for the lung structure, and À0.03 AE 0.76 mm for the tumor. As the scapulae, which are not connected to the ribcage, were manually positioned in the phantom, the surface comparison was performed separately for these bony structures.
Tensile tests showed that the maximum load of gypsum was 111 AE 5 N, 117 AE 3 N, and 132 AE 3 N after irradiating 3D-printed tensile bars to 0, 6,000, and 24,000 Gy, respectively. The spring constant (N/mm) and, if the assumption is made that the material is a continuum, the elastic modulus (N/mm² or MPa) were 3,481 AE 304, 3,701 AE 567, and 5,129 AE 932 after irradiating to 0, 6,000, and 24,000 Gy, respectively. For nylon, the maximum load was 317 AE 78 N, 333 AE 26 N, and 370 AE 91 N, and the spring constant (N/ mm) and elastic modulus (N/mm² or MPa) were 1,225 AE 279, 1,372 AE 89, and 1,324 AE 360 after irradiating to 0, 6,000, and 24,000 Gy, respectively. . For the phantom, the dose in the planning target volume is lower compared to the patient, which is probably due to the higher density and larger volume of soft tissue of the phantom. However, after plan normalization (circles), the curves of the planning target volume and organs at risk for phantom and patient are very similar. (b) Cyan = spinal canal, orange = right lung, purple = left lung, green = esophagus, brown = rib, red = planning target volume (internal target volume + margin), and magenta = internal target volume (tumor + observed motion on 4D CBCT). For the phantom, the dose in the planning target volume is lower compared to the patient, which is due to the lower density of the tumor and lung tissue (nylon + air) in the phantom.
DISCUSSION
This study shows that a thorax phantom with good similarity to a patient can be manufactured using commercially available 3D printing technologies. Although the densities in the phantom differ from the patient, and only lung structures larger than 1 mm were printed, kV projection and CT images closely resemble those of the real patient, with the tumor and multiple normal structures of differing density clearly visible. The multiple structures and the level of anatomical detail (e.g., in the lungs) are distinguishing features of this phantom. The radiation resistance measurements by means of tensile tests show that the phantom is able to endure radiation doses over 24,000 Gy. This is in line with earlier measurements. 25 This phantom is currently being used to evaluate positional verification techniques using kV projection images acquired during radiotherapy delivery. This includes using planar kV images to determine tumor position and the reconstruction of cone-beam CT (CBCT) scans from these planar kV images. 26 As there are multiple structures available in this phantom, position monitoring techniques can be evaluated using, for example, the three lung tumors, breast, trachea, or main bronchus (with several possibilities for moving the phantom, including programmable couch displacements in the TrueBeam Developer Mode, Varian Medical Systems). Other potential uses for this phantom include quality assurance of CT and CBCT and evaluate different reconstruction algorithms/parameters.
For this phantom, two printers were used. There are alternative printing technologies that can print relatively large objects comprising different materials using one printer (e.g., PolyJet technology from Stratasys Ltd. http://www.stratasys.com/). However, current disadvantages include the relatively high cost and the potential for quicker degradation of the materials (photopolymers). 27 Monetary costs associated with 3D printing may fall with time and the experience gained while making this phantom means that if we were to repeat the exercise the manufacturing/assembly time would be reduced. Technological advances may also increase the efficiency.
Manufacturing of this phantom consisted of several steps, during which inaccuracies or errors could occur. These steps include: 1. CT imaging; 2. image processing (segmentation); FIG. 5 . Printing accuracy of (a) Soft tissue, (b) Bony structures, (c) Lung structures (airways, lung blood vessels, and outer lung surface), and (d) Tumor (L). A green color indicates correspondence between the 3D model of the printed phantom and the 3D model that was used for printing. A yellow-red-black color indicates that the phantom was "larger" compared to the model that was used for printing and a blue color indicates that the phantom was "smaller". The bars show the distribution of the distances. For the bony structures, the STL registration was performed separately for the ribs and each scapula, while the histogram shows the sum total of all geometric deviations between the STL model that was used to print the phantom and the STL model acquired from the CT scan of the phantom.
3. engineering; and 4. manufacturing (3D printing and assembly of the phantom). The errors that may occur during these steps can be summarized as follows:
1. The anatomical accuracy of 3D-printed phantoms is limited by the accuracy of the imaging data (in our case a CT scan with a spatial resolution of 0.93 9 0.93 mm and slice thickness of 2.5 mm) that serves as a blueprint for the phantom, as this limits the visibility of structures. Preferably, a scan with a slice thickness of 0.625 mm and higher resolution should be used for 3D printing purposes. 2. During the image segmentation process needed to convert the CT into 3D models, a threshold value bandwidth was manually defined for each region of interest, followed by manual editing and postprocessing (e.g., drawing and deleting). Voxels residing on tissue boundaries commonly contain more than one tissue type, which induces a blurring of gray values across boundaries. As a consequence of this partial volume effect, precise delineation of tissue boundaries during image segmentation remains a challenge, resulting in an error of~1 or 2 voxel sizes, that is, 0.93 or 1.86 mm. 3. The initial 3D models that were obtained from the CT scan contained complex structures. Since 3D printing imposes boundary conditions, structures had to be reinforced (e.g., the ribs) or removed (e.g., unconnected structures) during the engineering process. In addition, the engineering process required several Boolean and mesh wrapping operations that could have introduced errors in the phantom. Furthermore, manufacturing of the mold of the body contour consisted of several engineering steps, and it was found that an offset used to create the mold resulted in a larger volume of soft tissue in the phantom compared to the patient. 4. The actual 3D printing was found to be highly accurate (Fig. 5) , which is in line with earlier measurements. 28 However, since the lung and bony structures were printed separately, they needed to be manually assembled to make the phantom. During assembly, the relative positions of the different components of the phantom needed to be maintained. This is challenging, for example, the right scapula shifted about 0.5 mm downward during pouring of the silicone into the mold.
We acknowledge some limitations of this phantom. These include the fact that the HUs are not identical to those of a patient, although they are similar enough for our current requirements related to imaging for positional verification, in which the size, shape, and structures themselves were more important than an identical radiodensity. For radiation dose measurements, however, additional evaluation is required. Although studies on tissue substitute materials go back many years, 29 the materials that are suitable for 3D printing are still limited. Manufacturing of a phantom with HUs that more closely resemble a patient requires further work to identify suitable and durable materials for 3D printing or to change the infill density of 3D-printed materials by programming a (Fused Deposition Modeling) printer. The spine was printed as one structure and not as individual vertebrae, which could be overcome using a CT with smaller slice thickness to create the printing model. The lung tissue (alveoli) currently consists of air as only blood vessels and airways were printed. However, as the lungs are accessible, we can fill this area with low-density materials if needed. 15 In addition, if smaller structures can be made sufficiently strong, then a combination of high-resolution CT images and printing would enable an even more detailed phantom to be made. This phantom is not suitable for use as a magnetic resonance imaging (MRI) phantom since nylon and gypsum are not visible on MRI. MRI contrast agents such as gadolinium could be added during the printing process. 30 Although no movement or deformation of internal structures is possible, movement of the whole phantom can be achieved by moving the radiotherapy treatment couch or by using a mobile platform. Finally, to determine the effects of radiation, we only performed limited (tensile) testing and did not look at material degradation over time.
CONCLUSIONS
An anthropomorphic phantom was manufactured using 3D printing techniques so that it closely resembles a real patient in terms of spatial accuracy. Its life-like features and radiation hardness make it useful for optimization and validation of image acquisition, processing, reconstruction, and registration algorithms for radiotherapyrelated research.
ACKNOWLEDGMENTS
This project was partly sponsored by Varian Medical Systems. We thank the medical engineers of the 3D Innovation Lab, Rianne van Loenen, Frank Verver, and Sjoerd te Slaa for the preparation of the 3D printing process and assembling of the phantom, Albert van der Veen and Rianne van Loenen for performing the tensile tests and Niels Liberton for performing the image segmentation comparison and assessment of spatial accuracy. 
CONFLICT OF INTEREST
